The wake flow of high-speed train is an extremely complicated three-dimensional unsteady flow due to the vortices generated and shed from the trailing car periodically, which has great influence on the aerodynamic performance of the trailing car, such as comfortable performance and safety. In this paper, the dynamic characteristics of trailing vortices of a full-scaled model of CRH380A high-speed trains, consisting of a locomotive, a middle car and a trailing car, at different speeds is studied with delayed-detached eddy simulation (DDES). Two large helical vortices exist in the wake flow field and move sinusoidally and anti-symmetrically. As the speed increases, the ground effect on the wake flow is more obvious, the cores' height of the trailing vortices from the ground become much higher, and the intensity of the trailing vortices becomes much greater. In addition, the unsteady wake flow field is decomposed by proportional orthogonal decomposition method (POD). It is found that the vertex positions in the same mode shift at different speeds, but the overall spatial structure is similar. The periodicity and corresponding frequencies of different POD modes at different speeds are ________________________ 
INTRODUCTION
The development trend of high-speed trains is the pursuit of being faster and lighter, which put forward higher requirements for aerodynamics. In order to reduce the aerodynamic drag, pressure wave, noise and other aerodynamic characteristics, modern high-speed trains have its unique shape. It is a slender body with a streamlined head and tail, which makes the wake area have significant characteristics: the wake area usually has a complex three-dimensional structure consisting of shear layer, shedding vortex, and a pair of large counter-rotating vortices that move downwards and outwards away from the train and break alternately [1, 2] . Those have a very negative effect on the high-speed trains, which not only increases the pressure drag between the head and tail, but also seriously affects the lift and side force of the tail, causing the tail swinging more intensely. A pair of counter-rotating vortices occurs at many similar flow, such as blunt body's wake area, the modern car's wake area, et al. It was discovered by Ahmed in the study of its generic road vehicle models [3] , and other researchers, like Vino and Krajnovic, also found the downward and outward movement of this pair of vortices [4, 5] . Schulte-Werning used the commercial software Fluent to study the unsteady flow characteristics of the ICE2 trailing vortex, and obtained the streamlines on the surface of ICE2 tail in a vortex shedding cycle [6] , revealing the production mechanism of the side force of the train. Hemida and Krajnovic [7] used the Large Eddy Simulation model (LES) to study the effect of the length of the tail nose on the lift, side force and vortex shedding frequency under the condition of cross wind. It showed that there is a higher flow instability and three-dimensional effects with a short tail nose. Yao and Guo analyzed the advantages and disadvantages of URANS method and DDES method in wake study by using CRH2 model. It is concluded that DDES method can achieve better results in simulating the distribution of pressure coefficient and fine flow structure [8] . In this paper, DDES is used to study the unsteady characteristics of trailing vortex of CRH380A, A full-scaled model of three cars, and the results could provide lights on the aerodynamic optimization with an aim to increase the safety and amenity of trailing cars. Since the flow field near the wake area of the high-speed trains is complicated, we can use the decomposition method to extract the coherence flow structures, in order to better understand the dynamics of trailing vortex. Muld [10] et al extracted the most dominant flow structures of a simulated flow in the wake of a high-speed train model, the Aerodynamic Train Model (ATM), with the method of DES. They found two different flow structures in the wake, namely vortex shedding and bending of the counter-rotating vortices. Bell [11] et al studied the three-dimensional dynamics of the trailing vortex of the ICE3 in the wind tunnel with a model ratio of 1:10, they explored the mechanism of the formation and evolution of vortex pairs and obtained that the frequency of vortex shedding is St=0.2. In addition, the Dynamic Mode Decomposition (DMD) can also better analyze the frequency and other characteristics. Therefore, the full use of a variety of decomposition methods and research methods to analyze the characteristics of trailing vortex is one of the major research focus.
COMPUTATIONAL MODEL AND ALGORITHMS

Computational mode and zone
A full-scaled model of CRH380A high-speed trains, consisting of a locomotive, a middle car and a trailing car, is numerically studied in this paper. Noting that the attached parts, such as the pantographs, the cab roof vanes, et al. have no effect on the wake flow, these attachments are excluded from the simulation. However, the connection parts between the carriages and the bogies are included due to the intensive turbulence in these regions, which could exert a great impact on the evolution of vortices in the wake zone. Figure 1 shows the computational model used in the present work. The length of the leading car is about 26.5 m, the geometry of the trailing car is the same as the leading car, and the length of the middle car is about 25 m. The train is about 3.5 m in height and 3.36 m in width, forming a windward area about 11.14 m 2 . Let the characteristic length H of this problem to be the height of the train, that is H=3.5 m. The computation zone is 91.4 H in length, 17.14 H in width and 12 H in height, as showed in Figure 2 . The upstream length is set to 22.7 H while the downstream length of the zone is set to 46.4 H. And the distance between the ground and the bottom of the train body is 0.892 H. When the results are analyzed non-dimensionally, the characteristic velocity V is the speed of the high-speed train. Noting that the high-speed train runs at a subsonic speed, the Riemann invariant is adopted to solve the variables at far-field boundaries. As a result, the inlet, outlet and the far-field of the computation zone are all set to non-reflective boundary conditions. A no-slip wall condition is used on the train surface, in order to solve the frictional drag and the pressure on the surface. For simulating the ground effect caused by the relative motion between the train and the ground, a moving wall boundary with the same speed as the inlet flow is adopted for the ground.
Computation algorithms
The wake flow of the high-speed train is extremely complicated, so DDES is adopted in the simulation, in order to obtain more details of the flow field accurately. DDES not only have the advantages of DES, but also can prevent the separation caused by the modeling loss of the turbulence stress and the mesh. In this paper, all the computation results presented are obtained with STAR-CCM+. The finite volume method based on cells is adopted for the discretization of the controlling equations. The inviscid flux term is discretized using the Weiss-Smith preconditioned Roe's flux-difference splitting scheme, while the viscous flux term is discretized using the second order upwind scheme. Moreover, The transient term is discretized in an Euler implicit two-order temporal scheme. Since solving for 600 unsteady flows requires a dual time-stepping, which includes inner iterations in pseudo-time, the physical time-step is 0.0005 s and the inner iteration is set to 15.
Topology of mesh
The high-speed train model used in the simulation is full-scaled and the length-to-diameter ratio of the train is large, which bring up a large thickness in the boundary layer of the train. The number of mesh will be extremely large, if the solve-to-wall method is used. Thus, the standard wall function [12] is used for near wall treatment, then a coarse mesh can be used to improve the efficiency with accuracy. According to [12] , the y+ value is limited to 30-120 in the first cells of the mesh near the surface of the train.
The STAR-CCM+ provides several meshing strategies that are suitable for different applications. The trimmer mesh, whose cells are all hexahedrons, has been utilized in this paper, and the prism layers are also adopted in the near wall zone. In order to retain the high quality of the mesh, the prism layers should smoothly transit to the hexahedral trimmed mesh. To satisfy these, 10 cells of mesh are used in the prism layers, and the thickness of the first cells is set to 0.331 mm with the growth ratio set to 1.5. As a result, the whole prism layers with 37.514 mm in thickness are formed.
To accurately capture the detailed structure in the wake flow of the high-speed train, the mesh is densified in the wake flow zone and the maximum cells size in this zone is limited to 0.0625 mm. In addition, from the whole view of the computation zone, the mesh is densified near the whole high-speed train, and the maximum cells size in this zone is limited to 0.25 m. As a result, the total number of volume is about 44 million. The representative mesh of the face at y=0 is showed in Figure 3 . 
Cases summation
The generation and evolution of trailing vortices in the wake flow zone are severely affected by the running speed. In this paper, several running speeds are considered, as listed in Table I . 
PROPER ORTHOGONAL DECOMPOSITION (POD)
A snapshot of the flow field can be expressed as v i , a vector with the discrete velocities for all cells at an instance in time. And the discrete flow field, consisting of n t snapshots corresponding to n t instances in time, can then be arranged into a matrix A, 11 , , ,
In POD [13, 14] , the flow field is decomposed into the sum of the products of the spatial basis functions ϕ (k) (x) and the mode coefficients a k (t), that is
where the ϕ (k) (x) and a k (t) can be expressed as
Here, λ k and α (k) are the k th eigenvalues and the corresponding eigenvectors of the temporal correlation matrix C, respectively. And λ k are arranged in decreasing order. That is
When we do not use the whole n t modes in (2), but only use the first r (r<n t ) modes instead, we can form the r orders reconstruction of the flow field, that is
If we define the total energy E by 
RESULTS AND DISCUSSIONS
Trailing vortex characteristic of instant wake flow at different speeds
As the speed differ, characteristics of the trailing structure are different. In this paper, the pressure, velocity and vortices contour are mainly discussed in this section to show the mechanism of trailing structure. Figure 4 shows pressure contour and iso-surface of Q at different running speeds. It can be observed that two large vortices detach from the nose of the trailing car and develop into a helical mode in the wake area with their vortices growing bigger and their intensity growing weaker. Then, strong interactions occur between the helical vortices and the ground, resulting in series of smaller eddies. In addition, the vortex structure of the instantaneous flow field is similar to the 'branchlike'. As x increases in the flow direction, the distance of a pair of vortex cores become larger, which caused by the interaction between them. As the running speed increases, the intensity of the high pressure zone just beneath the trailing nose becomes stronger, and the range of the high pressure zone becomes larger too. The vortex structures in the wake area vary obviously at different running speeds. At the speed of 200 km/h, the cores of the two helical vortices are very large and keep at a relatively long distance before they are broken. When the speed up to 400 km/h, the helical vortices detach from the trailing nose with high intensity, and broke quickly as soon as they interact with the ground. Smaller eddies broke and propagate in a shorter period, resulting in the greater frequency, which could be confirmed from the number of spatial structures of the instantaneous flow field. At the speed of 200 km/h, two relatively clear complete vortices can be seen in the specific area, three structures can be seen at the speed of 300 km/h, and four structures at the speed of 400km/h. The frequency of vortex shedding at different velocities would be analyzed in Section 4.3.
It shows the instantaneous velocity and vortices contour along different height in the z-direction in Fig. 5 . It can be seen that two flows with low velocity, in the section near the ground, generate around the first bogie, propagate downward until they join together, and then interact with the slipstream around the windshields and the bogies, resulting in series of vortices with different intensity. When reaching the wake area, the low-speed flow interacts with the trailing vortices to form vortex street structures. The intensity and the distance between adjacent vortex cores change with the running speed. The vortex streets become much more intensive in turbulence as the speed grows higher.
In the height of nearly 1m from the ground, it is obvious that the speed higher, the intensity of the trailing vortex greater, the wake field more chaotic, and the distance between the two adjacent vortices smaller. In the height of z=2m, the flow around the train turns stable and the intensity of the vortex cores turns weaker. Meanwhile, the wake area becomes gradually out of the influence of the ground. In the height of z=3m, hardly any trailing vortices could be observed, and the disturbance area is reduced to a small range near the tail nose. In conclusion, the generation of complicated wake flow is closely related to the bottom accessories of the train and the ground effect. As the speed increases, the ground effect on the wake flow is more obvious and the cores' height from the ground of the trailing vortices become much bigger. In addition, the higher the speed, the greater intensity of the trailing vortex, the greater range of influence along the streamwise in the wake area. 
POD Decomposition
This paper studies the trailing vortex of high-speed trains at different speeds. The calculation results for 1500 time-steps, from the 4501th step to the 6000th step, are selected. There are 11 planes of X = 1H, 1.5H, 2H, 2.5H, 3H, 3.5H, 4H, 4.5H, 5H, 5.5H, 6H, and each plane has 160 X 46 data-points, which contain pressure, pulsating pressure, vorticity, et al.
The first four POD modes at different speeds are visualized in Fig. 6 , three velocity components u, v and w are represented by the iso-surfaces of positive and negative velocity. Blue is positive and red is negative.
Mode 1 is exactly the mean flow, which is one property of POD for this type of flow with dominant mean flow. Therefore, Mode 1 is the main mode, and the energy is the highest in the POD decomposition. It is clear from the v-and w-component of the velocity that Mode 1 contains two large counter-rotating vortices. There is a strong downwash around the center and upwash on both sides of the region in In addition, Mode 2 and higher represent oscillations around this mean flow. Comparing modes 2 and 3, it is found that there is a strong resemblance except the offset of the position in the streamwise position. Such a relation between modes 2 and 3 means that the two modes correspond to an advection of a flow structure. Comparing modes 2 and 4, it is found that the number of clear structures is two in mode 2 and four in mode 4 of the w-component. The structures of Mode4 with shorter length scales, which represents a higher frequency, about twice the relationship.
Comparing the POD modes at different speeds, it is found that the mode velocity in mode 1-3 varies with the operating speeds, and the higher the speeds is, the higher the mode velocity is. This is consistent with common sense. In addition, the flow position in the same mode at different speeds has offset, but the overall spatial structure is similar. However, Mode 4 and higher have differences in the same mode at different speeds, especially the v-component. Since the flow around high-speed trains is an intensive turbulent flow, and the higher mode represents a series of oscillations. Therefore, the flow structure represented by the mode difference needs further study.
Periodicity of wake flow
The unsteady wake flow is caused by alternating vortex shedding on the trailing car, which induces some extent of periodicity in the wake flow field. With POD method, the wake flow field is decomposed into a serial of modes, which evolve over time by the mode coefficients a k (t). Each mode of POD, except for mode 1, represents a specific periodic motion in the wake flow. Figure 7 shows one period in mode 2 of the train speed 300 km/h by the snapshots of velocity v from No.201 to No.728. As shown by the structures in the snapshots, the velocity v of mode 2 is changed periodically over time, and a period of 526 snapshots is found, which corresponding to a period of 263 ms and a physical frequency of 3.80 Hz, with the time-step of the snapshots to be 0.5 ms. When the characteristic length H and the characteristic velocity V are used to nondimensionalize the physical frequency of each mode, a non-dimensionless frequency St is obtained. The St value in this case is equal to 0.160. Using the same method to analyze the periodicity of mode 2, 3, 4 of train speed 200, 300, 400 km/h, the results are summarized in Table Ⅱ . To some extent, mode 3 roughly has the same frequency with mode 2 at a specific train speed, which means that they have roughly the same periodicity in the wake flow. Moreover, the frequency of mode 4 is almost twice of the frequency of mode 2 or 3, which means the strong unsteady effect in high order of modes. All these results are in good agreement with the counts of characteristic structures shown in Figure  6 , and verify the conclusion in Session 4.2. As the train speed increasing, the physical frequency and the non-dimensionless frequency St increase first and then decrease, which do not show some regularity. It may be cause by the transition from incompressible turbulence to compressible turbulence, as the Mach number corresponding to the train speeds 300 or 400 km/h is about 0.3 and the compressibility of the flow may bring up some influence on the periodicity of the wake flow. In addition, as mention above, each mode evolves over time by the mode coefficients a k (t), which inspire a good idea to analyze the frequency characteristic of each POD mode by using the FFT method with the mode coefficients a k (t). Figure 8 shows the FFT results of mode 2, 3 and 4 at train speed 300 km/h. The St values are 0.168, 0.168, 0.336 of mode 2, 3 and 4, respectively, which agree with the St values in Table Ⅱ to some extent. Note that, only several periods are included in the overall 1500 snapshots. The resolution of non-dimensionless frequency of FFT is ΔSt=0.056 in this case. Thus, the results obtained by FFT here include some error, which should be further improved for the next work. 
CONCLUSIONS
The wake flow of high-speed train is an extremely complicated three-dimensional unsteady flow due to the vortices generated and shed from the trailing car periodically, which has great influence on the aerodynamic performance of the trailing car, such as drags, comfortable performance and safety. In this paper, the dynamic characteristics of trailing vortices of a full-scaled model of CRH380A high-speed trains, consisting of a locomotive, a middle car and a trailing car, at different speeds is studied with delayed-detached eddy simulation (DDES). The unsteady wake flow field is decomposed by proportional orthogonal decomposition method (POD), and the frequency of vortex shedding is analyzed.
(1) Two large helical vortices exist in the wake flow field of the high-speed train, and interact strongly with the ground. As the train speed increases, the intensity of turbulence in wake flow becomes much stronger, the cores' height of the trailing vortices from the ground becomes much higher, and the intensity of the trailing vortices becomes much greater. In addition, the vortex structure of the instantaneous wake flow field is shaped like a branch.
(2) Decomposing the wake flow field by POD, a pair of large counter-rotating vortices, which move outwards away from the train, could be obtained. And the distance of these two vortices increases gradually. (3) The periodicity and corresponding frequencies of different POD modes at different speeds are obtained by analyzing the snapshots of POD modes, which are also compared with the FFT results of mode coefficients. It is found that the frequencies of the mode2 and 3 are approximately equal at each velocity, and the frequency of mode 4 is approximately twice as much as them.
